Practically investigate water removal and cell performance for PEMFCs under low gravity circumstance is an urgent task, especially as a promising power supply unit applied to space engineering. PEMFC with an in-situ optical flow field was used to explicate two-phase flow and water removal inside cathode flow field from terrestrial gravity to microgravity. The cell was tested in the vertical and horizontal flow channel orientations. A 3.6 s short-time micro-gravity circumstance was provided by National Microgravity Laboratory. Results show that gravitational level has an essential influence on gas-liquid twophase flow characteristics for PEMFC with different configurations. The cell placed in different channel orientations also shows distinguished operating behavior because of the complicated impact of the changed gravity and configuration. Under the operating condition of a vertical flow channel orientation, accumulated water and droplets in terrestrial are pushed by oxygen flow to continuous removal toward the outlet of the fuel cell to alleviate water flooding, and the cell performance is slightly enhanced in a 3.6 s micro-gravity circumstance. Operating in a horizontal flow channel orientation, the generated water throughout the micro-gravity circumstance duration is not prone to move and flood flow channels in micro-gravity, meanwhile the cell performance is slightly deteriorated.
Introduction
PEMFCs, also known as polymer electrolyte membrane fuel cells, are typical devices that can continuously convert chemical energy into electric energy and a limited amount of thermal energy. Since the 1960s, PEMFC with polystyrene has been successfully applied in space engineering, particularly to the GEMINI spacecraft [1, 2] . In recent decades, PEMFC has been recognized as a promising alternative power supply equipment for short-term space missions because of technical innovation and their distinguishing features, such as high energy efficiency, clear and regenerative operation [3e7] . To enhance the cell performance of PEMFC for space application, a series of investigations has been conducted in a simulated closed environment; these investigations included the life test of the PEMFC and the effects of fuel and oxygen humidity on PEMFC behavior [1,3,8e10] . However, there is little information available in literature about the effects of internal and external causes on PEMFC performance for short-term space missions. Internal water management is also a key technology in achieving development of PEMFCs to be used in the low gravity (space environment) operating conditions.
Water generated on the cathode side significantly affects PEMFC behavior and output power in two opposite ways. The polymeric membrane layer needs enough water to maintain good ionic conductivity and lifetime of the cell, whereas abundant water accumulating in the cell will prevent further access of the reactant gas and result in degradations. Therefore, maintaining water content balance within PEMFC has received significant research attention in the past few years [10e16] . Understanding water transport mechanism and gas-liquid two-phase flow phenomenon inside an operating PEMFC is an effective method for water management and removal. By utilizing experimental and simulation method, investigations on liquid water transport characteristic inside the flow channel [17e27] have received more progress in the terrestrial gravity circumstance, and have certified that cell behavior is seriously associated with gas-liquid two-phase transport characteristic.
The in-situ visual is a useful method for investigating the gasliquid two-phase flow inside the reactant channels. High-speed camera and transparent PEMFCs are commonly used to obtain a directly understanding of gas-liquid two-phase dynamic in the terrestrial circumstance for engineering application. Given the importance of gravitational level, several researches were conveyed with in-situ visual to explore the cell behavior by changing the orientations of the reactant channels and inflow [4,28e31] . An optical imaging of a transparent cell was taken by Kimball et al. [4] to explore the basic physics of liquid water in PEMFCs with different channel orientations. Water motion showed diverse characteristics with the change in flow channel orientation. The authors showed that water flooding in PEMFCs is gravity dependent. Lu et al. [28] investigated the impact of flow orientation on the two-phase flow dynamics in the cathode flow channel (CFF) of the PEMFC with a parallel field. They found that flow field channels with horizontal orientations are prone to retain more water because of slug flow, non-uniform liquid water distribution, and unstable operation. In a recent research, Nishida et al. [31] employed in-situ visualization techniques to investigate the impacts of wettability and direction of the flow channel on the water transport in an operating fuel cell. Their results showed that, without being disturbed by gravity, a transparent PEMFC placed at the horizontal orientation arrangement of the two-pass serpentine flow field will accelerate liquid water removal out of the cell, especially with highly hydrophilic coating. Moreover, several works were conducted to experimentally and numerically investigate the impact of gravitational level on PEMFC performance by changing the arrangement of fuel cells [5,32e36] . Chen and Wu [5] performed experiments to explicate the impact of gravitational on liquid water discharge inside the PEMFC by placing the cathode or anode upward. In comparing the performance of fuel cells in different placement positions of the cathode and anode, they found that liquid water discharge inside the fuel cell with a cathode-upward flow field is superior to that inside the anode-upward flow field. Morin et al. [32] analyzed the spectra of liquid content outside the membrane and found that, for a constant current density, the performance of the cell is enhanced for a symmetric configuration when the cathode inlet is placed at the bottom of flow field because of better membrane hydration. Lee et al. [34] also presented the impact of gravitational level on cell polarization characteristics and liquid water discharge phenomenon. Liquid water removal inside the cathode flow channel depended on the flow channel distribution, flow direction, and gas inlet port. Therefore, gravitational force significantly affected the cell behavior. Yu et al. [35] conveyed a group of work to investigate the impact of gravitational level on the cell behavior of an operating PEMFC stack by changing positions of the inlet and outlet of reaction gas. The optimization operating angle and inlet/outlet location were recommended for the design and to operate the fuel cells to improve performance. Najjari et al. [36] also established a numerical computational model to research the impact of gravitational level on dynamic responses and flooding in the cathode of a PEMFC. They considered the mass transport of liquid water and reaction gas inside the GDL in their model. The results indicated that gravitational level has a momentous effect on PEMFC performance at a steady operating regime.
Most of these investigations focused on the impact of gravitational level in a terrestrial gravity circumstance, but gas-liquid twophase flow characteristic in a micro-gravity circumstance was largely neglected in recently. Obviously, burgeoning microgravity multiphase fluid dynamics has shown that gas-liquid two-phase flow in a micro-gravity is quite different from those in a terrestrial gravity circumstance because the gravity level of the former is near zero. Studies on the cell performance of direct methanol fuel cells (DMFCs) [37e41], one of the PEMFCs, in a micro-gravity environment have been conducted. The DMFCs showed different behaviors in different gravity circumstances. Under terrestrial gravity and short-time micro-gravity conditions, a transparent DMFC with parallel flow channel was considered to study the transport phenomenon of the reactant and liquid water in anode [37, 38] . The flow pattern of the gas-liquid two-phase in micro-gravity were significantly different from those in the terrestrial gravity environment, especially for bubble size and velocity. Cell performance was deteriorated, while gravity vanished at high current density. In a small liquid-feed DMFC, Guo et al. [38] visually observed twophase flow transport phenomenon in anode side under a microgravity circumstance caused by the drop tower. They compared the flow pattern and bubble size in the vertical flow channel orientation implied that the impact of gravitational level on twophase flow is slight and that bubble expulsion is mainly controlled by the viscous drag. Ye et al. [41] reported that gravity seriously affects the cell performance of DMFCs, especially when the fuel cell is operating at high current density. Moreover, visualization on the two-phase flow transport phenomenon of a PEMFC operating at different conditions was conveyed under the terrestrial gravity and micro-gravity circumstances [42, 43] . The cell performance of an operating PEMFC presented in our previous work [43] indicated that because of the impact of gravitational level on the two-phase flow, the cell behavior in a micro-gravity circumstance is obviously different from those in a terrestrial gravity circumstance when the cell operates in low and high current density operating conditions. However, the limitations of our previous study are lack of considering the influence of the flow field configuration in a micro-gravity circumstance. A deficiency of the flow channel configuration meant that the gas-liquid two-phase flow transport characteristic may be significantly affected by the flow field configuration of PEMFCs, especially when the cell was operating in the micro-gravity circumstance.
In general, gravitational level and gas flow channel configuration affect the transport characteristic of the reactant and liquid water in a cathode flow channel and the cell performance of PEMFCs. Paying particular attention to the effect of low gravity (micro-gravity circumstance) on cell behavior is necessary for space application. In this study, we employ the experimental apparatus used in our previous study [43] , including an automotive synchronization test system coupled with liquid water visualization, optical imaging record, and cell performance measurements. This work aims to (1) provide insight into two-phase flow transport phenomena of an operating PEMFC under two flow channel orientations from a terrestrial gravity circumstance to micro-gravity circumstance, and then (2) investigate the impact of gravitational level on the transport characteristic of the reactant and liquid water and cell performance of an operating PEMFC.
Experimental

Micro-gravity environment
The micro-gravity experiment circumstance was provided by a drop tower located at the National Microgravity Laboratory. Fig. 1 illustrates main micro-gravity experiment facilities. In this study, the tested system underwent three stages in once micro-gravity experiment. The drop capsule was firstly placed at the top of the drop tower within where the tested system can operate at a terrestrial gravity circumstance, namely, the stage I. After the freefalling, the drop capsule offered a short-time micro-gravity circumstance for the tested system at the stage II. Entering the second stage, tested system obtained a relatively stable microgravity experiment circumstance of 3.6 s attributed to the effective free-falling height of 83 m. Falling to the vertical height of 61 m, the entire drop capsule and tested system was recovered via a recovery string bag within a safely height of 22 m.
Tested system
Fig. 2 displays the tested system, which consists of a transparent PEMFC, reactant supply system, optical imaging record system, data collection, and signal control system. Before the series of tests, all of the subsystems applied to micro-gravity experiments were uniformly placed at the test-bed within the drop capsule. The test-bed was also checked by a balance system to maintain the balance of the PEMFC during the free-falling stage.
The transparent PEMFC structure for this study is similar to that one in our previous work [43] . In brief, the membrane electrode assembly (MEA) with a 25 cm 2 active area was caught in the middle between the anode and cathode GDLs. The Pt loadings in the anode and cathode electrodes were both 1 mg cm À2 . Two graphite current-collector plates were machined to form a single serpentine flow field (2 mm in width, 2 mm in depth) at both the anode and cathode in the same way. In the cathode side, a transparent plexiglass plate was covered outside of the flow field for optical access. An aluminum alloy end plate with an opening window was machined on the cathode to allow direct observation of the liquid water and flow behavior inside flow channels. Considering the space limitations, the reactant supply system without a humidifier was set up for this study. High pure gases of the H 2 and O 2 were employed as reactant gases for current experiments. Gas reactants feeding was regulated at a constant rate for two tested orientations. An optical imaging record was the main device of the video and photo imaging system, which was taken to capture and record the images of gas-liquid two-phase flow Experimental set-up. 1, current transmitter; 2, load; 3, hydrogen spherical valve; 4, hydrogen/water separator; 5, hydrogen tank; 6, hydrogen pressure reducing valve; 7, hydrogen electromagnetic valve; 8, hydrogen gas filter; 9, hydrogen regulator; 10, hydrogen one-way valve; 11, voltage transmitter; 12, oxygen one-way valve; 13, mass flow controller; 14, oxygen gas filter; 15, oxygen electromagnetic valve; 16, oxygen pressure reducing valve; 17, oxygen tank; 18, oxygen/water separator; 19, oxygen spherical valve; 20, transparent fuel cell; 21, high speed video camera; 22, temperature controller unit. transport phenomenon. The capturing and recording speeds of the imaging system can achieve at 1/1000 s and 1000 frames s-1 respectively. Auxiliary lighting was provided by light-emitting diodes to capture a high-quality images. An automotive synchronization control system coupled with the data collection and signal control systems was regulated via a microcomputer. It utilized a multifunction data logger system to synchronously collect and store data, including gas flow rates, running temperature, current and voltage of the cell. Gravitational level caused by falling the drop capsule was also qualitatively collected. More detail information on experimental setup refer to our previous work in Ref. [43] .
Experiment specification
To be credible and effective, the cell performances were repeatedly tested at the ground laboratory by using the microgravity tested system for half a month. The cell was operated at 65 C. The flow rates of the dry oxidant and fuel reactant were 60 and 180 SCCM, respectively. A load with a fixed resistance was used as the external circuit of the PEMFC. In this study, the transparent PEMFC was tested in two operating orientations: horizontal flow channel and vertical flow channel. Fig. 3 depicts the performance curves (cell voltage versus current density, IeV curve) of the tested PEMFC in a terrestrial gravity circumstance for micro-gravity experiment. After those tests, the operating behavior of the PEMFC was investigated from a terrestrial gravity to a micro-gravity circumstances under two operating conditions.
In one micro-gravity experiment, the tested PEMFC was firstly operating for more than 1.5 h at the top of the drop tower under terrestrial gravity condition. The cell performance of the tested points was measured in the operating conditions of the vertical and horizontal flow channel orientations, and was marked as two hollow symbols in Fig. 3 . The two tested points match well with the performance curves. This result manifests a good reproducibility of the terrestrial gravity experiments in PEMFC. The tested cell had already achieved a stable operating state in the terrestrial gravity conditions before entering into micro-gravity conditions. Given the difference of test results, the initial time of the freefalling for the drop capsule was recognized as the cut-off point of the fuel cell operating from a terrestrial gravity circumstance (stage I) to a micro-gravity circumstance (stage II), as shown in Fig. 1 . A 10 s data collection was set to collect data in the terrestrial gravity, and another 40 s was taken to collect data in the short-term microgravity environment (including stages I and II). In Fig. 3 , two images present the in-situ optical images of the gas-liquid two-phase flow phenomenon within the CFF under these two flow channel orientations. Positioning the single serpentine PEMFC gas channel vertically results in more water accumulation and flow maldistribution in the upward movement flow channels. These outcomes are in agreement with the findings in Refs. [31, 34] that fuel cell performance in a horizontal orientation is more advantageous than that in a vertical operation for a PEMFC with a single serpentine flow field in an earth environment. This is because gravity is conducive to water moving to the bottom of the flow field. Experiment results presented in this study was chosen at random from one of the results in several experiments. Each experiment result showed good repeatability. Fig. 4 presents the electrical performances of the operating cell from a terrestrial gravity circumstance to a micro-gravity circumstance at the operating condition of vertical flow channel orientation. The black curve qualitatively depicts the gravitational level during the whole experiment duration time. In one microgravity experiment, the cell goes through three gravity level environments. Before the drop capsule was released, the cell stably operated in terrestrial gravity. After the drop capsule was released, it supplied a 3.6 s relatively stable micro-gravity circumstance for the operating PEMFC via the free-falling. After a 3.6 s micro-gravity circumstance, the relatively stable gravitational level was broken caused by the safety string bag. In Fig. 4 , the synchronous measurement results show that the current density and cell voltage rose rapidly as the gravity shifted from a terrestrial gravity circumstance to a micro-gravity circumstance.
Results and discussion
Operating condition of vertical flow channel orientation
By using synchronous measurement and photograph technology, the cell performance and in-situ optical images of the twophase flow inside CFF are achieved from a terrestrial gravity circumstance to a micro-gravity circumstance at the vertical flow channel orientation operating condition. Fig. 5 displays the visual results of the two-phase flow transport phenomenon inside CFF. Fig. 6 depicts that the cell performance varies with gravitational level caused by changed operating environment in gravity at the vertical flow channel orientation. A time of 0.000 s, as shown in Fig. 1 , is denoted as the cut-off point of the gravitational level caused by free-falling in the following studies. The time before 0.000 s is negative, which means the operating condition in the terrestrial gravity. The time after 0.000 s is positive, which means the operating condition in the micro-gravity. The measurement values of cell voltage, current and power density, and visual images are synchronously displayed every 0.500 s. Considering the time limitation of short-time micro-gravity circumstance, four images within a 2 s video was chosen to show the optical images in the terrestrial gravity circumstance, and another seven images within a 3.5 s video was taken to present the optical images in the microgravity circumstance in current paper. Fig. 5 reveals that the two-phase transport phenomena in the CFF are distinguished between the terrestrial gravity and microgravity circumstances because of the change in gravitational level. In the normal gravity environment, inertial effect is the major factor for the two-phase movement, and gravity is another important factor that cannot be ignored. In a long part of the flow channel inlet, only small amounts of liquid droplets occur in the initial part of the flow channel as a result of the larger inertial effect of oxygen. An upward movement of the liquid water is observed with the increase in serpentine flow channel length. Liquid water is separated from the gas phase because of the weak inertial effect of this phase. Finally, because of the impact of gravity on the liquid water, the water falls down and forms into a liquid column at the bottom of the serpentine flow channels with an upward movement of the gas phase. Meanwhile, in the flow channels with a downward movement of the gas phase, a few liquid droplets that separated from the gas phase are hung in the transparent plate as a result of the weak inertial effect of the gas phase. Therefore, liquid column and flooding occur in the flow channel with the upward movement of the reactant gas in the terrestrial gravity. However, upon entering the micro-gravity circumstance, the gravity effect on the two-phase flow rapidly weakens because the gravity level is almost zero, as shown in Fig. 4 . Inertial effect have a major function in this phenomenon. As shown in Fig. 5 , the liquid water that accumulated at the bottom of the flow channel with the upward movement of the reactant gas is pushed by the oxygen to continuous removal toward the outlet of the fuel cell within the micro-gravity circumstance of 3.000 s (Fig. 5 , from 0.000 s to 3.000 s). The similar water removal phenomenon can be found in Guo et al.'s work [43] , but the water removal duration in this study are obviously longer than that in our previous work. This is because that flow rate of the oxygen in previous work is the twice of this work, and higher flow rate could be helpful for water discharge. Furthermore, liquid droplets are rapidly coalesced by the removed liquid water. A stable gas-liquid phase interface is formed along with the movement of the reactant and product. The liquid phase separated from the gas phase cannot be observed when liquid water and liquid droplets are moved out of the cathode flow channels. Therefore, the water flooded area in the CFF is distinctly reduced with the discharge of the liquid water. A reasonable water removal is beneficial for enhancing the mass transport of the reactant gas and electrochemical reaction inside the cathode electrode of the PEMFC. Hence, the characteristic of the cell is optimized in the micro-gravity operating condition, as shown in Fig. 6 . The fact that optimization mass transport of the oxygen feeding can facilitate the cell performance of PEMFCs has been confirmed by numerous publications [5,20and44] . During the entire test, none of the operating conditions were changed except for gravity, when the operating fuel cell shifted from a terrestrial gravity circumstance to a micro-gravity circumstance. Thus, the variation in two-phase flow is related to gravitational level, and water removal in the microgravity circumstance is easier than that in the terrestrial gravity circumstance under the vertical flow channel orientation operating condition.
Operating condition of horizontal flow channel orientation
Corresponding to cell performance under the horizontal flow channel orientation operating condition, Fig. 7 presents the   -2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3 electrical performances of the operating cell from a terrestrial gravity circumstance to a micro-gravity circumstance. The gravity level curve shows that the operating PEMFC also goes through three gravity level environments under the horizontal flow channel orientation operating condition. However, no significant change in cell performance is observed after the cell operated in the surroundings of the micro-gravity from the terrestrial gravity. This result is different from that with a vertical flow channel orientation (Fig. 4) . Cell performances and optical images of two-phase flow side CFF are synchronously measured and photographed from a terrestrial gravity circumstance to a micro-gravity circumstance under the horizontal flow channel orientation operating condition, as shown in Fig. 8 . Fig. 9 demonstrates that the performance of the fuel cell varies with gravitational level caused by changing operating environment in gravity at the horizontal flow channel orientation. The denoted time at the horizontal flow channel orientation is the same as that under the vertical flow channel orientation. Fig. 8 shows that the significant difference of the twophase transport phenomenon is not observed in the CFF under the horizontal flow channel orientation operating condition when the transparent PEMFC operates from a terrestrial gravity circumstance to a micro-gravity circumstance. In the terrestrial gravity circumstance, no liquid water or liquid droplet is found in a very long part of the inlet of the flow channel owning to a larger inertial effect of a high oxygen flow rate. The increase in serpentine flow channel length results in the liquid droplets gradually separated from gas phase because of weak inertial effect of this phase. Parts of liquid droplets are hung in the transparent plate, whereas the generated water accumulates at the foot of the horizontal channels as a result of the gravity, as shown in Fig. 8 . Otherwise, gravity promotes liquid water gathered at the bottom of the horizontal flow channels to move into the outlet of the fuel cell because there is no upward flow passage in flow channel. Thus, the water columns necessary to block off flow channels are difficult to be formed in the terrestrial gravity circumstance. However, Fig. 8 shows that liquid water formed in micro-gravity is prone to stay in the CFF when the operating environment shifts into a micro-gravity condition. This outcome is attributed to gravity being reduced nearly to zero and the surface tension becoming relatively stronger. Thus, the liquid water accumulated in the micro-gravity circumstance is more than that in the terrestrial gravity circumstance under the horizontal flow channel. The excess liquid water staying in the CFF will flood flow channels, and will eventually deteriorate cell performance if the cell operates longer in the micro-gravity circumstance. In this study, the microgravity condition duration (3.6 s) is too short to allow observation of the liquid water flooding phenomena. A drop trend of cell performance approves this water flooding trend, as shown in Fig. 9 . This trend implies that the liquid water generated inside the PEMFC under horizontal flow channel orientation operating condition is difficult to move out of the flow channel during the microgravity environment and will deteriorate cell behavior. Fig. 10 shows the performance curves (IeV curves) of the transparent PEMFC operated in the two CFF orientations with the conditions of constant load resistance, feeding rates of H 2 and O 2 , cell temperature, and terrestrial gravity. The hollow and solid symbols present the test results before and after the cell operated in micro-gravity circumstance. The values of cell voltage, current and power densities are all the arithmetical averages of values measured in the whole experiments. The tested points of the cell in terrestrial gravity match the cell performance perfectly, which implies that the PEM fuel cell conveyed in current study operated stably. Notably, gravity is the only changed condition for the two operating conditions of flow channel orientations. Fig. 10 shows that the cell performance in the micro-gravity circumstance is different from that in the terrestrial gravity circumstance, either under the vertical or horizontal flow channel orientation operating conditions. Under the vertical flow channel orientation operating condition, cell performance is promoted by 3.8% after the cell operated in the micro-gravity. Cell performance improved by 4.6% was obtained in our previous study [43] , which is higher than that in this study. This is because shorter water removal duration in previous study is more conducive to promote mass transfer and enhance the cell performance as previous analyzed. However, under the horizontal flow channel orientation operating condition, the cell performance is somewhat deteriorated in micro-gravity. Therefore, the impact of the micro-gravity circumstance on cell behavior is obvious, and the construction of the flow field leads to diverse cell performance from a terrestrial gravity circumstance to a micro-gravity circumstance. Given the limited micro-gravity circumstance duration, the IeV characteristics curves of the cell operated in micro-gravity cannot be obtained in this paper. A longterm micro-gravity circumstance will supply additional information on the two-phase evolution and operating behavior of PEMFC in a long-time space mission. More contributions are also desired to understand the PEMFC operating behavior in a low gravity circumstance, especially for internal evolution mechanism of the gas-liquid two-phase inside the fuel cells, as well as to seek an optimization scheme on the efficient water removal and stably operating of PEMFCs for short-time space application.
Cell performance with varying gravity levels
Conclusions
Under the vertical and horizontal flow channel orientation operating conditions, in-situ optical images of the gas-liquid twophase transport phenomenon and the cell performance of the PEMFC from a terrestrial gravity circumstance to a short-term micro-gravity circumstance were studied in current paper. The major experimental conclusions are as follows: 1. Gravitational level has diverse effects on water removal and cell performance of the PEMFC with different flow channels. 2. Under the vertical flow channel orientation operating condition, liquid water flooding occurs at the bottom of the flow channel with an upward movement of reactant gas in the terrestrial gravity circumstance. However, owning to a sharply vanish of the gravity, the liquid droplets and accumulated liquid water is pushed by the oxygen to continuous removal toward the outlet of the cell to alleviate flooding phenomenon in a 3.6 s microgravity circumstance. 3. Under the horizontal flow channel orientation condition, water flooding phenomenon does not take place at the bottom of the flow channel in terrestrial gravity circumstance. During the micro-gravity experiment duration, the generated water is too hard to be discharged to flood the cathode flow channel in the microgravity environment. 4. After the cell operates in a 3.6 s micro-gravity circumstance, cell performance and water removal are enhanced under vertical flow channel orientation operating condition, but slightly deteriorated under the horizontal flow channel orientation operating condition.
